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ABSTRACT
The pace and pattern of star formation leading to rich young stellar clusters is quite uncertain.
In this context, we analyse the spatial distribution of ages within 19 young (median t  3 Myr
on the Siess et al. time-scale), morphologically simple, isolated, and relatively rich stellar
clusters. Our analysis is based on young stellar object (YSO) samples from the Massive Young
Star-Forming Complex Study in Infrared and X-ray and Star Formation in Nearby Clouds
surveys, and a new estimator of pre-main sequence (PMS) stellar ages, AgeJX, derived from
X-ray and near-infrared photometric data. Median cluster ages are computed within four
annular subregions of the clusters. We confirm and extend the earlier result of Getman et al.
(2014): 80 per cent of the clusters show age trends where stars in cluster cores are younger
than in outer regions. Our cluster stacking analyses establish the existence of an age gradient
to high statistical significance in several ways. Time-scales vary with the choice of PMS
evolutionary model; the inferred median age gradient across the studied clusters ranges from
0.75 to 1.5 Myr pc−1. The empirical finding reported in the present study – late or continuing
formation of stars in the cores of star clusters with older stars dispersed in the outer regions
– has a strong foundation with other observational studies and with the astrophysical models
like the global hierarchical collapse model of Va´zquez-Semadeni et al.
Key words: stars: early-type – stars: formation – stars: pre-main sequence – open clusters and
associations: general – infrared: stars – X-rays: stars.
1 IN T RO D U C T I O N
Although it is recognized that most stars in the Galaxy form today
in clusters with 102–104 stars (Lada & Lada 2003), the pace and
pattern of star formation leading to rich stellar clusters is quite
uncertain. It is unclear whether clusters form rapidly in a burst
of star formation of a large and dense molecular core (Elmegreen
2000), or over millions of years in filamentary concentrations of a
turbulent molecular cloud (Krumholz & Tan 2007).
Observationally, comparison of individual cluster members and
evolutionary tracks on a Hertzsprung–Russell diagram (HRD) typi-
cally shows a wide age dispersion, but this is difficult to interpret due
to various observational and theoretical reasons such as photomet-
ric variability, multiplicity, and accretion history (Preibisch 2012).
The situation is confused by the presence of mass segregation in
some clusters, which may or may not arise from a delayed forma-
 E-mail: gkosta@astro.psu.edu
tion process for massive OB stars (Zinnecker & Yorke 2007). These
issues are debated even for the most well-studied case, where the
full stellar population is identified, the Orion nebula cluster (ONC;
Hillenbrand 1997; Huff & Stahler 2006; O’Dell et al. 2009; Jeffries
et al. 2011; Reggiani et al. 2011; Da Rio et al. 2014; Beccari et al.
2017; Messina, Parihar & Distefano 2017).
In this context, Getman, Feigelson & Kuhn (2014b) reported em-
pirical evidence for a spatial gradient of stellar ages within two
young rich stellar clusters in the nearest giant molecular cloud, the
ONC ionizing the Orion nebula, and NGC 2024 ionizing the Flame
Nebula. The result is that stars in cluster cores appear younger (that
is, formed later) than stars in cluster peripheries. These findings are
independently supported by spatial gradients in the disc fractions of
these clusters, and are not related to mass segregation as the analysis
is restricted to stars with masses between ∼0.2 and 1.2 M. The
result is based on a new estimator of pre-main sequence (PMS) stel-
lar ages derived from X-ray and near-infrared photometry, AgeJX,
which avoids some of the pitfalls of ages derived from HRDs
(Getman et al. 2014a).
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The observed spatial age gradient is not predicted by simple clus-
ter formation models; a centrally concentrated cloud core would
show stars in the core are older, not younger, than in the periphery
(Parmentier & Pfalzner 2013). More complex models are needed
involving processes of dynamical expansion of older sub-clusters,
sub-cluster mergers, and/or resupply of core gas by in-falling fila-
ments (Getman et al. 2014b). Other studies independently indicate
that stars in the dense Trapezium core are younger than more dis-
persed stars in the Orion nebula cluster (O’Dell et al. 2009; Reggiani
et al. 2011; Beccari et al. 2017).
The purpose of this study is to extend the search for stellar age gra-
dients from the two Orion cloud clusters in Getman et al. (2014b) to
a larger sample of 19 clusters in more distant molecular clouds. Our
effort is based on the data sets from two recent X-ray/infrared stel-
lar cluster surveys: Massive Young Star-Forming Complex Study
in Infrared and X-ray (MYStIX; Feigelson et al. 2013) and Star
Formation in Nearby Clouds (SFiNCs; Getman et al. 2017). MYS-
tIX provides cluster membership catalogues for 20 OB-dominated
star-forming regions (SFRs) at distances from 0.4 to 3.6 kpc (Broos
et al. 2013). SFiNCs extends the MYStIX effort to a study of 22 gen-
erally nearer SFRs, where the stellar clusters are often dominated
by a single massive star – typically a late-O or early-B – rather
than by numerous O stars in the MYStIX fields. The SFiNCs young
stellar object (YSO) and cluster catalogues are available in Getman
et al. (2017, 2018). The spatial distribution of stars in these SFRs is
complex, and cluster memberships are identified using a maximum
likelihood mixture model (Kuhn et al. 2014; Getman et al. 2018).
The result of our search is that core-halo age gradients are present
in the vast majority of the analysed clusters: Delayed or continu-
ing star formation in cluster cores is a general phenomenon. The
evidence requires that large samples of stars be averaged together
because individual stellar AgeJX estimates are not accurate. The pa-
per is organized as follows. The age analysis methodology and the
cluster samples are reviewed in Section 2. The discovered intraclus-
ter age gradients are presented in Section 3, and the implications
for cluster formation are discussed in Section 4.
2 SA M P L E S A N D M E T H O D S
2.1 Cluster samples
Among the 141 MYStIX (Kuhn et al. 2014) and 52 SFiNCs (Getman
et al. 2018) clusters that are identified by an objective likelihood-
based statistical procedure (Kuhn et al. 2014), we select the ones
that : (1) have a simple morphology (a single dense core surrounded
by a sparser halo); (2) are relatively isolated (without or with only
weak secondary sub-clusters present in their vicinity); 3) and have a
relatively high number of stars with available age estimates. A total
of 19 clusters, with 2487 AgeJX stars, satisfy these criteria.
Table 1 lists the cluster’s designation and centre celestial position
taken from Kuhn et al. (2014, MYStIX) and Getman et al. (2018,
SFiNCs) as well as the distance from the Sun taken from Feigelson
et al. (2013, MYStIX) and Getman et al. (2017, SFiNCs). In the
case of M 17 and Rosette, the multiple clumpy stellar structures
around the primary ionizing clusters identified by Kuhn et al. are
combined here into single entities. In the case of Orion, RCW 36,
and Be 59, the core and halo structures identified by Kuhn et al. and
Getman et al. are treated here as single entities.
Fig. 1 shows the morphology of six clusters; and the full set of
panels for the 19 clusters is available in the Supplementary Material.
These stellar spatial distributions are presented in the form of an
adaptively smoothed projected stellar surface density. The YSO
Table 1. Rich, isolated young star clusters. Column 1: SFR. Column 2: clus-
ter. The cluster’s designation is from Kuhn et al. (2014, MYStIX) and Get-
man et al. (2018, SFiNCs). Columns 3 and 4. celestial coordinates (J2000)
for the cluster centre, taken from Kuhn et al. (2014, MYStIX) and Getman
et al. (2018, SFiNCs). Column 5. distance from the Sun. The distance values
are taken from Feigelson et al. (2013, MYStIX) and Getman et al. (2017,
SFiNCs).
Region Cluster RA. Dec. Distance
(deg) (deg) (pc)
(1) (2) (3) (4) (5)
Eagle nebula B 274.675 830 −13.784 167 1750
Flame nebula A 85.427 083 −1.903 806 414
M 17 L 275.124 580 −16.179 444 2000
NGC 1893 B 80.694 167 33.421 389 3600
NGC 6357 F 261.509 170 −34.278 333 1700
Orion nebula B+C 83.820 000 −5.389 556 414
RCW 36 B 134.863 750 −43.757 222 700
Rosette Nebula D 97.980 833 4.944 167 1330
W 40 A 277.861 250 −2.094 167 500
Be 59 B 0.562 134 67.418 764 900
Cep A A 344.073 598 62.030 905 700
Cep OB3b (Cep B) A 343.446 066 62.596 289 700
Cep C A 346.441 016 62.502 827 700
GGD 12-15 A 92.710 405 −6.194 814 830
IC 348 B 56.141 167 32.158 825 300
IC 5146 B 328.381 131 47.265 152 800
LkHa 101 A 67.542 392 35.268 025 510
NGC 7160 A 328.443 151 62.585 448 870
SerpensMain B 277.492 003 1.216 660 415
catalogues of Kuhn et al. (2014) and Getman et al. (2018) serve
as the basis for constructing these maps. The maps are constructed
using the Voronoi tessellation technique1 and are presented in units
of observed stars per pc2 (on a logarithmic scale). These adaptive
estimates of the surface density are computed using the R function
adaptive.density from the SPATSTAT package (Baddeley, Rubak &
Turner 2015). The celestial positions of the surface density peaks
are given in Table 1.
The purpose of the maps is to emphasize the presence of rela-
tively compact and dense stellar cores (white and/or red) surrounded
by extended and shallower haloes (green). From the core towards
periphery, the stellar surface density typically falls by a factor of
10. The clusters are captured by the MYStIX/SFiNCs surveys at
the spatial scales of two to several parsecs.
2.2 Age methods
The stellar ages for the young stars in the MYStIX and SFiNCs
sub-clusters were estimated in Getman et al. (2014a, 2017) using
the AgeJX method of Getman et al. (2014a). AgeJX is applicable only
to low-mass PMS stars (M < 1.2 M assuming the Siess, Dufour &
Forestini 2000 age scale) with reliable measurements of the intrinsic
X-ray luminosity and near-infrared JHKs photometry. The method
is based on an empirical X-ray luminosity–mass relation calibrated
to well-studied Taurus PMS stars (Telleschi et al. 2007) and to the-
oretical evolutionary tracks calculated by Siess et al. (2000). X-ray
luminosities specify stellar masses; J-band luminosities and mass
estimates track with PMS evolutionary models, providing stellar
ages. While individual AgeJX values may be noisy, median ages for
1 Description of the Voronoi tessellation can be found on-line at
https://en.wikipedia.org/wiki/Voronoi_diagram.
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Figure 1. Adaptively smoothed projected stellar surface densities of the
clusters with a colour-bar in units of observed stars per pc2 (on a logarith-
mic scale). Six clusters are shown here; similar panels for the full sample
of 19 clusters are presented in the Supplementary Materials. The white cir-
cles mark the positions of stars with available AgeJX estimates. The black
polygons outline either the original full Chandra-ACIS-I fields of view for
a single dominant cluster or the cutouts of the Chandra fields to separate the
cluster of interest from other nearby clusters.
stellar clusters and sub-regions have sufficiently low statistical er-
rors allowing discoveries of spatio-age gradients across the MYStIX
SFRs and within the ONC and NGC 2024 clusters (Getman et al.
2014a,b). As most standard PMS age methods, AgeJX may not pro-
vide reliable absolute ages. All sub-region ages derived in this work
are relative but are referenced to a uniform time-scale.
Time-scales change with changing an underlying PMS evolu-
tionary model. Here, we consider three different PMS models: The
relatively old model of Siess et al. (2000, hereafter Siess00), the new
non-magnetic model of Dotter (2016); Choi et al. (2016, hereafter
MIST), and the new magnetic model of Feiden, Jones & Chaboyer
(2015); Feiden (2016, hereafter Feiden16M). Age transformations
among those models can be obtained by placing numerous artifi-
cial young stars on the (Lbol, Teff) diagram, within the parameter
ranges of the SFiNCs/MYStIX AgeJX stars (see figure in Richert
et al. 2017).
The time-scale transformations can be approximated by the fol-
lowing linear functions: tMIST = −0.45 + 0.83 × tSiess00 and
tFeiden16M = −0.31 + 1.67 × tSiess00. Compared to Siess00, a newer
generation of standard (non-magnetic) evolutionary models, such as
MIST, with improved micro-physics (including updated solar abun-
dance scale, linelists, atmospheric convection parameters), predicts
systematically younger PMS ages. The MIST time-scale is very
Table 2. AgeJX Stars. All MYStIX and SFiNCs stars with available age
estimates across the 19 clusters of interest. This table is available in its
entirety (2487 stars) in the machine-readable form in the online journal. A
portion is shown here for guidance regarding its form and content. Column
1: SFR. Column 2: source’s IAU designation. This unique source’s name
keyword can be used to retrieve other numerous X-ray, near-IR, and mid-
IR source’s properties from the YSO catalogue data sets of Broos et al.
(2013, MYStIX) and Getman et al. (2017, SFiNCs). Columns 3 and 4.
source’s celestial coordinates in decimal degrees (J2000). Column 5. stellar
age estimated using the AgeJX method of Getman et al. (2014a). These age
estimates are based on the PMS evolutionary models of Siess et al. (2000).
Region Source RA Dec. AgeJX
(deg) (deg) (Myr)
(1) (2) (3) (4) (5)
M17 181959.69-161128.1 274.998713 −16.191166 1.9
M17 182003.75-161339.6 275.015630 −16.227684 3.8
M17 182007.33-161616.0 275.030542 −16.271124 2.2
M17 182007.85-161443.1 275.032725 −16.245325 1.2
M17 182008.08-160938.3 275.033700 −16.160640 0.7
M17 182010.30-161346.1 275.042922 −16.229473 0.2
M17 182010.34-161342.7 275.043122 −16.228539 1.1
M17 182010.92-161036.1 275.045500 −16.176722 0.6
M17 182011.62-161138.3 275.048458 −16.193999 2.4
M17 182012.15-161240.7 275.050630 −16.211330 4.7
similar to that of Baraffe et al. (2015, not shown here in a figure).
In contrast, the new generation of magnetic models (Feiden et al.
2015; Feiden 2016) anticipates systematically older ages. Feiden
et al. (2015) and Feiden (2016, and references therein) argue for
inclusion of magnetic fields, threaded into the stellar interior, in
order to mitigate the ‘radius inflation’ effect, that is an underpre-
diction of stellar radii and overprediction of effective temperatures
in low-mass (M < 1 M) PMS companions of eclipsing binaries
(Kraus et al. 2015) by standard PMS models.
The cluster age gradient analyses reported below in Section 3 are
based on the AgeJX estimates derived using the Siess00 PMS model.
In Section 3.3, we comment on the change in the size of these gra-
dients assuming other time-scales, such as MIST and Fieden16M.
The positions of all young stars with available AgeJX estimates
(white points) are superimposed on the smoothed stellar surface
density maps (Fig. 1). The positions and ages (based on Siess00)
for all these stars (1757 MYStIX and 730 SFiNCs) are also listed
in Table 2.
2.3 Statistical Methods
All statistical procedures in this paper were performed using the
R statistical software environment (R Core Team 2017), including
several addon CRAN packages. Relevant functions include: adap-
tive.density in the SPATSTAT package (Baddeley et al. 2015); ad.test
and qn.test in the KSAMPLES package (Scholz & Zhu 2017); corr.test
in the PSYCH package (Revelle 2017); cobs in the COBS package (Ng
& Maechler 2007); and fisher.test in the STATS package (R Core Team
2017).
3 R ESULTS
3.1 Hints of age gradients in individual clusters
For each of the 19 clusters, their stars are separated into four spa-
tially distinct sub-regions requiring that the sub-regions comprise
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Figure 2. Age analysis within individual stellar clusters. Examples are given for six clusters; the complete sample of 19 clusters is shown in the Supplementary
Materials. Panels show AgeJX as a function of radial distance from the centres of the clusters for individual AgeJX stars. Within each cluster, the stars are divided
into four spatially distinct annular sub-regions comprising similar numbers of stars (colour-coded as blue, red, green, and magenta). For each sub-region, its
median (AgeJX) and 68 per cent CI on the median are marked by a black point and an error bar, respectively. The figure legends provide numbers of plotted
stars for each of the four sub-regions.
roughly similar numbers of stars. The AgeJX values for individual
stars in six exemplifying clusters are shown in Fig. 2, similar fig-
ure panels for the full sample of 19 clusters are presented in the
Supplementary Materials. For each of the four sub-regions, the me-
dian radial distance from the cluster centre, the median age and its
68 per cent confidence interval (CI)2 are plotted and presented in
Table 3. These quantities are labelled as R1, R2, R3, R4, t1, t2, t3, and
t4. Median distance and age are also calculated for a few blends of
2 The CIs on medians are obtained using the bootstrap re-sampling tech-
nique described in Getman et al. (2014a). These are roughly equivalent to
±1σ intervals, but no assumption of Gaussianity is made. No significance
levels can be automatically associated with multiples of these intervals; e.g.
p < 0.003 for 3σ .
various basic sub-regions, such as the sub-regions ‘1’+‘2’, ‘3’+‘4’,
and ‘2’+‘3’+‘4’, designated as ‘1,2’, ‘3,4’, and ‘2,3,4’, respectively
(Table 3). Also listed in the table are the age differences between
the sub-regions ‘2,3,4’ and ‘1’ (t2,3,4 − t1) as well as between ‘3,4’
and ‘1,2’ (t3,4 − t1,2), normalized by the 68 per cent CI. The former
age difference emphasizes the age gradient between the very core
of the cluster and the remaining stars; whereas, the later difference
underlines possible age gradients on relatively larger spatial scales
away from the core.
The positive (negative) values of t2,3,4 − t1 and t3,4 − t1,2 indicate
trends of increasing (decreasing) age from the cluster centre towards
the cluster periphery.
However, for each of the individual clusters, the statistical signif-
icance of the observed age variations is generally low. Only a third
of the individual cluster age differences exceed twice the 68 per cent
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Figure 3. Cluster stacking analysis using standardized variables. Standardized age as a function of standardized radial distance from the cluster centre for
all MYStIX clusters (1757 stars as grey points; left-hand panels) and for all SFiNCs clusters (730 stars as grey points; right-hand panels). The dashed orange
lines show the relationship of the 25 per cent, 50 per cent (median), and 75 per cent quartiles of age and distance obtained from B-spline regression. The upper
and lower panels have the same points and spline fit, and are reproduced to show clearly the age gradients of individual clusters (colored points). The coloured
points on panels (a,b,c,d) indicate the (t3,4 − t1,2) versus (R3,4 − R1,2) age gradients for individual MYStIX and SFiNCs clusters that were transformed from
the physical variables (Table 3) to the standardized variables (see the text).
interval, whereas the remaining age differences are even less sig-
nificant (Table 3).
Multiple different statistical tests, establishing the existence of
an age gradient to high statistical significance, are conducted below
to ensure that the results are not method dependent.
Statistical Test 1. For the entire sample of 19 clusters, a random
distribution of stellar ages would give a random combination of
positive and negative values of t2,3,4 − t1 and t3,4 − t1,2. However,
inspection of Table 3 shows a clear dominance of positive values
that indicate older ages in the outer regions of the clusters. A total
of 15 out of 19 clusters have positive age trends. Bootstrap re-
sampling of the distributions of t2,3,4 − t1 and t3,4 − t1,2 shows that
the observed data are inconsistent with a random age distribution at
significance levels of p < 0.009 and p < 0.0008, respectively; i.e.
cases of negative t2,3,4 − t1 and t3,4 − t1,2 values for half or more of
the clusters in a re-sample are very rare. We therefore find that the
collective significance level of a positive age trend in the 19 cluster
sample has significance p < 0.009.
3.2 Age gradients in merged cluster samples
We can further investigate the presence of an age gradient by eras-
ing the cluster identifier for each star and considering the stars as
age indicators in a merged cluster sample. The clusters are merged
together into three cluster samples: MYStIX (9 clusters), SFiNCs
(10 clusters), and MYStIX+SFINCs (all 19 clusters). We remind
the reader that the MYStIX sample has richer OB dominated clus-
ters, whereas the SFiNCs sample has less-rich clusters typically
dominated by single late-O or early-B stars. Since the clusters span
wide ranges of ages and spatial extends, the merger is performed
using standardized age and radial distance variables.3 In statistics,
standardized variables are used for comparison and stacking of ob-
served scores that were measured on different scales. In our case,
for each YSO, its standardized variable (age or radial distance from
the cluster centre) is calculated by subtracting the cluster’s mean
value from a corresponding individual physical observed variable
and then dividing the difference by the cluster’s 68 per cent CI. For
the MYStIX, SFiNCs, and MYStIX+SFINCs cluster samples, their
standardized ages as functions of standardized radial distances are
shown in Figs 3 and 4. For these merged cluster samples, their
standardized quantities, analogous to those given in Table 3, are
presented in Table 4.
For the three merged cluster samples, all the three linear regres-
sion quartiles4 (orange lines) in Figs 3 and 4 show clear trends
of monotonically increasing age with increasing distance from the
cluster centre. Although the median standard age increases by ∼1
standard unit from the cluster centre towards the periphery, the
3 See the meaning of the standardized variable at https://en.wikipedia.
org/wiki/Standard_score.
4 The quartile linear regression is performed using the R package COBS.
MNRAS 476, 1213–1223 (2018)Downloaded from https://academic.oup.com/mnras/article-abstract/476/1/1213/4839015
by guest
on 16 May 2018
Intracluster age gradients 1219
−2 −1 0 2 3 4
−
2
−
1
0
1
2 4-strata
2-strata
(a) MYStIX
St
an
da
rd
ize
d 
Ag
e
−2 −1 0 1 2 3 4
−
2
−
1
0
1
2 (b)
1
St
an
da
rd
ize
d 
Ag
e
−2 −1 0 2 3 4
−
2
−
1
0
1
2 (c)
St
an
da
rd
ize
d 
Ag
e
1
SFiNCs
MYStIX+SFiNCs
Standardized Distance
Standardized Distance
Standardized Distance
4-strata
2-strata
4-strata
2-strata
Figure 4. Cluster stacking analysis using standardized variables. Standard-
ized age as a function of standardized radial distance from the cluster centre
for all MYStIX clusters (1757 stars as grey points; panel a), for all SFiNCs
clusters (730 stars as grey points; panel b), and for all MYStIX+SFiNCs
clusters (2487 stars as grey points; panel c). The dashed orange lines show
the relationship of the 25 per cent, 50 per cent (median), and 75 per cent quar-
tiles of age and distance obtained from B-spline regression. The coloured
points on panels (a,b,c) indicate the median age versus distance values for
the merged MYStIX, SFiNCs, and MYStIX+SFiNCs cluster samples, re-
spectively. These values are given for the two ‘1,2’ and ‘3,4’ strata (green)
as well as for the four ‘1’, ‘2’, ‘3’, and ‘4’ strata (blue). These values are
tabulated in Table 4 as (ts1,2, Rs1,2) and (ts3,4, Rs3,4) (two green strata), and
(ts1, Rs1), (ts2, Rs2), (ts3, Rs3) and (ts4, Rs4) (four blue strata).
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interquartile [25 per cent − 75 per cent] range is larger (∼2 stan-
dard units), indicating a wide spread of ages about the median (for
instance the MYStIX+SFINCs sample in Fig. 4).
Statistical Test 2. Regardless of the large spread, the Kendall’s
τ test5 yields strong statistically significant positive correlations
between the standardized age and distance, with the following τ
coefficient: τ = 0.11 (MYStIX cluster sample), τ = 0.17 (SFiNCs
sample), and τ = 0.13 (MYStIX+SFiNCs sample). In all the cases,
the correlations are significant at a level p  0.0001.
Statistical Test 3. The Anderson–Darling and Kruskal–Wallis
tests independently support these results.6 These tests are used
to evaluate the null hypothesis that the standardized age samples
corresponding to different cluster sub-regions come from the same
underlying age distribution. For each of the three cluster samples
(SFiNCs, MYStIX, and SFiNCs+MYStIX), the tests give tiny prob-
abilities (p-values of p  0.0001) that the ts2,3,4 and ts1 distributions
come from a common population (same results are obtained when
ts3,4 is compared to ts1,2).
Statistical Test 4. The inferred inner (ts2,3,4 − ts1) and outer
(ts3, 4 − ts1, 2) age differences correspond to >3.2 ×CI and >5.4
×CI for the MYStIX/SFiNCs and MYStIX+SFiNCs cluster sam-
ples, respectively (Table 4, Fig. 4). The Mood’s median test, ap-
plied separately to the three cluster samples (SFiNCs, MYStIX,
SFiNCs+MYStIX), gives tiny probabilities that the medians of the
ts2,3,4 versus ts1 distributions (or ts3,4 versus ts1,2 distributions) are
identical. The resulting p values are: p < 0.002 in the case when
ts2,3,4 is compared to ts1 for the SFiNCs sample; and p  0.0001 for
the rest of the cases.
Thus, the merged cluster samples show the highly statistically
significant age gradients, with stellar ages increasing from the clus-
ter centre towards the periphery.
3.3 Age gradients in physical units
The analyses in Sections 3.1 and 3.2 establish the existence of an
age gradient to high statistical significance in several ways. We can
now quantify the size of this gradient in physical units of Myr pc−1.
The cumulative distribution functions (c.d.fs.) of the age and the
related age gradients are compared between the MYStIX (red) and
SFiNCs (green) cluster samples in Fig. 5. Such distributions are
also presented for the merged MYStIX+SFiNCs sample (black). In
agreement with the results of the previous analyses, the c.d.fs do
not pass through the point at (0.0,0.5), indicating that they do not
comply with the null hypothesis of having randomly positive and
negative age gradients.
Panels (b) and (d) suggest that the SFiNCs clusters tend to have
higher age gradient scales (medians of 1.4–1.5 Myr pc−1) than the
MYStIX clusters (medians of 0.3–0.7 Myr pc−1). However, this
difference is not significant according to an Anderson–Darling test.
For the MYStIX versus SFiNCs data sets shown in panels (a), (b),
(c), and (d), the p values are 0.16, 0.18, 0.06, and 0.11, respectively.
Considering that the aforementioned MYStIX and SFiNCs dis-
tributions do not differ significantly, it is reasonable to combine
them together (as MYStIX+SFiNCs; black) to estimate character-
istic age gradient scales in our clusters. Figure panels (b) and (d)
show that both types of age gradients have similar age gradients of
5 The test is performed using the corr.test R program from the PSYCH package.
6 These tests are performed using the ad.test and qn.test R programs from
the KSAMPLES package.
0.9 Myr pc−1 (black curves). This age gradient value is based on the
Siess00 time-scale.
According to the time-scale transformations given in Section 2.2,
the age gradients based on the MIST and Feiden16M time-scales are
expected to be by 17 per cent lower and 67 per cent higher than the
ones based on Siess00. So that the typical age gradients are ∼0.75
and 1.5 Myr pc−1 assuming the MIST and Feiden16M time-scales,
respectively.
4 D I SCUSSI ON
Several years ago, Getman et al. (2014b) discovered that stars in
the cluster cores of two nearby young clusters (ONC and Flame)
are systematically younger (that is, formed later) than stars in the
cluster periphery. In this study, we demonstrate that this property
is generally present in young, rich, isolated clusters. A total of 80
percent of the MYStIX and SFiNCs clusters examined here show
stellar ages increasing with radial distance from the cluster centre.
Although often weak in individual clusters, the collective trend is
highly statistically significant. The median amplitude of the age
gradients is ∼0.75, 0.9, and 1.5 Myr pc−1 when defined on the
time-scales of MIST, Siess00, and Feiden16M, respectively.
Other researchers have reported similar age gradients in SFRs
(Serpens North, Serpens South, Corona Australis, W 3 Main, and
IRAS 19343+2026; references in Getman et al. 2014b). More re-
cently, an independent study of the ONC cluster based on the optical
OmegaCAM survey by Beccari et al. (2017) reports the detection
of three distinct episodes of star formation. In agreement with our
original discovery of the core-halo age gradient in ONC (based
on X-ray and infrared data sets of young stars), the optical data
of Beccari et al. present evidence for spatio-age gradients in ONC
with the younger stellar populations lying projected in a tight con-
centration within the cluster core and the oldest stellar population
more sparsely distributed in and around the core. These results
are reminiscent of the spatio-age stellar distributions in ONC pre-
viously found in the HST-based study by Reggiani et al. (2011).
Beccari et al. speculate that the star formation in ONC might have
progressed along the line of sight with the youngest population ly-
ing further away from the observer. But this explanation requires
a particular geometry and cannot account for the presence of age
gradients in most young star clusters.
Getman et al. (2014b) provide several plausible scenarios that
alone, or in combination with each other, may lead to the observed
core-halo age gradients in young stellar clusters. We briefly review
these here.
Scenario A is related to the density thresholds in star formation,
which would allow the star formation to continue in the cluster
core but to cease in the less dense halo. Scenario B invokes the
global gravitational contraction and star formation threshold that
would lead to the acceleration of star formation rate and formation
of younger stars in the denser cloud/cluster core. Scenario C relies
on the condition of the late formation of massive stars in the core,
accompanied by the formation of some low-mass siblings. Scenario
D is based on the kinematic stellar drift in a supervirial cluster and/or
stellar ejections by three-body interactions, which would produce
an older halo. Scenario E considers the dynamical stellar heating
during cluster relaxation as the main source of older halo. Scenarios
F and H invoke the merger and expansion of multiple sub-clusters
with older sub-cluster populations largely contributing to the halo of
the resultant cluster. Scenario G considers the fall of gas filaments
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Figure 5. Gradient scales in the MYStIX (red), SFiNCs (green), and MYStIX+SFiNCs (black) cluster samples. (a) Distributions of the age difference between
the ‘2,3,4’ and ‘1’ annular sub-regions (see Table 3 for data details). (b) Distributions of the age gradient between the ‘2,3,4’ and ‘1’ annular sub-regions. (c)
Distributions of the age difference between the ‘3,4’ and ‘1,2’ annular sub-regions. (d) Distributions of the age gradient between the ‘3,4’ and ‘1,2’ annular
sub-regions. The figure legends provide information on the median, mean, and standard deviation of the distributions, in the form of ‘(median/mean/stdev)’.
Had the MYStIX and SFiNCs data complied with the null hypothesis of having randomly positive and negative age gradients, their c.d.f. curves would have
passed through the blue star point, at (0.0, 0.5).
into a potential well and further replenishment of the cluster core
with younger generations of stars.
Among theoretical astrophysical calculations of star cluster for-
mation, the most promising in explaining the observed age gradients
is the global hierarchical collapse (GHC) model by Colı´n, Va´zquez-
Semadeni & Go´mez (2013) and Va´zquez-Semadeni, Gonza´lez-
Samaniego & Colı´n (2017) that leads to a hierarchical assembly
of a stellar cluster exhibiting core-halo age gradients. Some of the
qualitative star formation scenarios from Getman et al. (2014b),
such as B, C, D, F, H, and G, are coherently included in this quan-
titative model. The GHC model describes a molecular cloud in a
free-fall state that globally gravitationally contracts (with a little
contribution from turbulence or magnetic field) to form filaments.
Relatively small stellar groups form at different times in different
locations of the filaments. These stellar groups and gas continue
falling towards the centre of the gravitational potential, mixing and
replenishing the gas and star material in the central molecular clump
that is forming a young stellar cluster. Massive stars tend to form
later within the central clump, at the peak of the star formation rate.
The feedback from massive stars cuts off the flow of material from
the in-falling filaments, leading to the destruction of the molecular
clump and the cessation of star formation in the cluster. Older stars,
which formed in multiple in-falling stellar groups prior to reach-
ing the cluster centre, tend to exhibit large velocity dispersions and
thus appear further away from the cluster centre at the end of star
formation, producing core-halo age gradients.
Similar behaviours of in-falling, star forming filaments are seen
in the simulations of Bate (2009, 2012); but these simulations cover
only 105 yr, which is too short to investigate longer time-scale age
gradients seen from the observations of young stellar clusters.
Judging from fig. 9b of Va´zquez-Semadeni et al. (2017), the stars
in the halo (r > 0.6 pc) of their modelled cluster Group-12 have a
median age of ∼2 Myr at a median distance from the cluster centre
of r ∼ 1.2 pc, whereas the stars in the core (r < 0.6 pc) have a median
age of ∼1 Myr at a median distance of r ∼ 0.2 pc; this results in an
age gradient of ∼1 Myr pc−1. This agrees well with the gradient of
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0.9 Myr pc−1 (based on Siess00) observed in the MYStIX+SFiNCs
clusters.
The inferred MYStIX+SFiNCs age gradient of 0.9 Myr pc−1
(corresponding to a speed of 0.9 km s−1) also agrees well with the
stellar velocity dispersions of ∼1 km s−1 recently observed in a
number of young, nearby, embedded stellar clusters, such as NGC
1333, L 1688, and Chamaeleon I (Foster et al. 2015; Rigliaco et al.
2016; Sacco et al. 2017). Thus, stars drifting away from their site of
formation in a dense cloud with a velocity dispersion of ∼1 km s−1
could also produce the observed core-halo age gradients (our Sce-
nario D above).
The late formation of massive stars in cluster cores has inde-
pendent evidence. Radial velocity measurements suggest that the
30 M star θ1C Ori, which dominates the ONC Trapezium core,
is only ∼104-yr old (O’Dell et al. 2009), and dynamical calcula-
tions support this very young age for the Trapezium core (Allen
et al. 2017). The embedded cluster W 3 Main has a core with both
extremely young and older massive stars (Tieftrunk et al. 1998)
surrounded by a larger cluster of older stars (Feigelson & Townsley
2008). Popular scenarios for the formation of massive stars include
the quasi-static monolithic collapse model (McKee & Tan 2002)
and the dynamical scenarios of either stellar mergers (Bonnell &
Bate 2002) or accretion from gas streams, such as the ones present
in the aforementioned GHC model (Motte, Bontemps & Louvet
2017; Va´zquez-Semadeni et al. 2017). The outcomes of both dy-
namical scenarios, GHC and stellar mergers, are consistent with
the observed late formation of massive stars. According to the lat-
ter scenario, some younger more massive stars may have formed
through collisions of older less massive stars during the relatively
short high-density phase of a cluster core as modelled by Bonnell &
Bate (2002). Recall, however, that the age gradient reported here and
by Getman et al. (2014b) refers only to lower mass stars (roughly
0.2–1.2 M; based on Siess00 scale) rather than massive stars.
The empirical finding reported in this study – late or continuing
formation of stars in the cores of star clusters with older stars
dispersed in the outer regions – thus has a strong foundation with
other observational studies and with the astrophysical models like
the GHC model of Va´zquez-Semadeni et al. (2017).
Our study refers to young stellar clusters; all but two (Rosette/D
and NGC 7160/A) analysed here clusters have median ages below
3 Myr (based on the Siess00 scale). No positive age trends are
detected in NGC 7160/A. The recent Chandra study of the rich,
isolated NGC 6231 cluster (Kuhn et al. 2017), with the median
age above 3 Myr (based on Siess00), finds no a spatial gradient in
ages. It is thus possible that such older clusters either ‘never had
a positive radial age gradient or that a previously existing gradient
disappeared with age as a result of dynamical mixing’ (Kuhn et al.
2017).
5 C O N C L U S I O N S
This paper reports the discovery of the core-halo age gradients, with
younger cores and older haloes, in the vast majority of the morpho-
logically simple, isolated, and rich MYStIX and SFiNCs clusters.
A total of 80 percent of the analysed clusters show upward core-
halo age trends (Section 3.1). The collective effect of these trends
is highly statistically significant (Section 3.2). Depending on the
choice of PMS evolutionary model, the inferred median age gradi-
ent within the MYStIX+SFiNCs clusters varies from 0.75 Myr pc−1
(based on MIST) to 0.9 Myr pc−1 (based on Siess00) to 1.5 Myr pc−1
(based on Feiden16M) (Section 3.3). The observed spatio-age gra-
dients can be explained within the framework of the sophisticated
astrophysical calculations of star cluster formation such as the GHC
model (Section 4).
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Figure 1. Adaptively smoothed projected stellar surface densities
of the clusters with a colour-bar in units of observed stars per pc2
(on a logarithmic scale).
Figure 2. Age analysis within individual stellar clusters.
Table 2. AgeJX Stars. All MYStIX and SFiNCs stars with available
age estimates across the 19 clusters of interest.
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